AUorney Docket No. 22000.0021 1'2 
Document No. AC - Page 1 of 6 



Translocating peptides and proteins and their use for gene delivery 

May C Morris* Laurent Chaloin*, Frederic Heitzt and G.lles D.vrtat 



A dramatic surge in the development of peptides for gene 
delivery in vitro and in vivo has been witnessed in the past 
decade. A better understanding of the structural and 
mechanistic properties of peptides has been an important step 
for the rational design of optimal peptide-based gene delivery 
systems. Research has focused on the design of short 
synthetic peptides that overcome both extracellular and 
intracellular limitations of other gene delivery systems by 
binding reversibly and condensing DNA, specifically targeting 
cells and/or tissues, rapidly releasing plasmids into the 
cytoplasm and mediating efficient nuclear translocation. 
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Abbreviations 

INF HA 2 subunit of influenza hemaglutinin 
NLS nuclear localisation signal 



Introduction 

In the past decade, the development of gene therapy tech- 
nology has focused in pare on the design of new methods for 
gene delivery into cells. The major challenge resides in the 
design of vectors that can overcome the low permeability of 
the cell membrane for nucleic acids and improve intracel- 
lular trafficking and nuclear delivery of genes into target 
cells with minimal toxicity. Although viral vectors remain 
the most efficient gene transfer systems, safety concerns 
regarding their use in humans has made non-viral delivery 
systems more attractive [1,2,3",4]. Furthermore, non-viral 
systems present several advantages over viraLsystcms in 
that they arc simple to use, easy to produce, do no induce 
specific immune responses and arc less cytotoxic [3**,4]. 

Non-viral delivery systems can be divided into two main 
groups: cationic lipids [5-7] and polymeric DNA-binding 
cations [7,8"]. Over the past five years, substantial progress 
has been made in the development of peptidc-based gene 
delivers' systems that can overcome both extracellular and 
intracellular limitations of other non-viral systems, such as 
cell targeting, endosome lysis and nuclear translocation. The 
goal was to design short synthetic peptides that would 
mimic and act as efficiently as viruses for gene delivery 
without their limitations. This short review will highlight 
the characteristics of peptides that have been designed to 
address these requirements, and will discuss why the under- 
standing of both the structural and mechanistic properties of 



these peptides is essential for the improvement of in vivo 
gene therapy. 

Rules for the design of peptide-based gene 
delivery systems 

The design of an 'ideal' peptidc-hased delivery system 
should satisfy four major requirements (Figure 1): firstly, 
bind reversibly and condense DNA; secondly, present cellu- 
lar and/or tissue specificity essential for in vivo gene delivery; 
thirdly, exhibit membrane fusogenic or disruptive activities; 
and finally, promote nuclear translocation of plasmids. 

DNA condensing motifs 

As the size and the charge of pcptidc-DNA complexes can 
be the source of cytotoxicity; antigenicity and insolubility, 
a proper balance should be found between their size and 
stability [3*\4,8**]. On the one hand, peptides must form 
highly stable complexes with DNA in the presence of eeli 
culture media, and on the other hand DNA condensation 
must be reversible to enable release of the plasmid for 
gene expression. 

Various polyamincs of different lengths and structures, such 
as poly-L-Jysinc, poly-L-argininc, spermidine, spermine, 
dendrimers, protamine, poiycthylcnciminc and poly(oc,7, 
diaminobutyric acid), have been proposed for in vitro gene 
transaction [8*\9-12]. Several studies using polycationic 
reagents, such as poly-L-lysinc, have demonstrated that the 
maximal number of polyionic sites for cooperative binding 
is approximative^ eight [13,14,15-]. Longer sequences 
were found to be less efficient, mostly because of irre- 
versible DNA precipitation and cytotoxicity [14,15**]. 

In order to stabilize pcptidc-DNA complexes and to reduce 
their size, a scries of modifications of DN A-condcnsing pep- 
tides have been proposed. Addition of hydrophobic groups 
or of tryptophan residues improves DNA binding. The 
nature of uncharged and basic amino acids, the length of 
fatty acid chains covalcntly attached to the peptide and car- 
hoxy-tcrminal modifications can have a significant influence 
on DNA binding and gene transfer efficiency [8*\16-18]. In 
addition, oxidation of cysteine residues in DNA-condcnsing 
peptides has been shown to generate intcr-peptide disulfide 
bonds, which produce small particles with DNA and pre- 
vent dissociation of peptide from DNA [17]. Last, but not 
least, the structural organisation of the peptide is a key fac- 
tor in compacting DNA, for example, for amphipathic 
a-hclical peptides [8**, 16]. 

Active targeting 

In order to interact specifically with the surface of cells and 
thus deliver genes to specific cell types in vivo, gene deliv- 
ery requires active targeting. The key is finding 
appropriate ligands for receptor-mediated endocytosis that 
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Figure 1 
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The four mapr steps in pept,de-based gene delivery. <l) DNA binding peptide-based delivery systems, (a) Dependent on endocytos^ 
and condensing, (ii) cell targeting, <Hi) endosomal release of the self-assembly of several peptides or s.ngle chain peptide, (b) The 

plasmid and 0v) nuclear targeting. The two strategies for norvendosomal pathway: single chain peptide (MPG). 



can be incorporated into the formulation with a minimal 
loss of affinity and specificity. Several small peptides or 
epitopes have been described, most notably the tri- 
peptide motif ROD, found in extracellular matrix proteins, 
which targets intcgrin receptors specifically [8",20,21]. 
RGD-containing peptides associated with poiy-L-lysinc or 
lipid formulations significantly improve the delivery of 
piasmids into specific cell lines both in vitro and in vivo 
[20-22]. Another targeting approach is to use small ligands, 
such as glycoside which targets mainly hepatocytes, cova- 
lently linked to one of the components of the plasmid 
complex [23,24]. Both in vitro and in vivo, oligosaccharides 
complcxcd to short poiy-L-lysinc peptides were shown to 
enhance endocytosis of piasmids specifically to the liver, 
thanks to the presence of receptors on hepatocytes that 
recognize galactosilatcd or mannosylatcd peptides [24,25]. 

Endosomo lysis 

Once earricr-plasmid complexes have been taken up hy cell 
adsorption or by receptor mcdiatcd-cndosomcs, the next 
limiting step is the release of piasmids from endosomes 
before their degradation [26]. Viral genomes arc released by 
activation of viral proteins upon acidification of the endo- 
somc. Active membrane sequences arc located at the 
amino-tcrminus of such viral proteins and contain alternating 
clusters of hydrophobic and hydrophilic residues forming an 
amphipathic a-hclical structure. The mechanism of mem- 
brane dcstabilisation by cndosomolytic peptides may involve 
cither membrane rupture or pore formation [26,27], 



A number of a-hclical peptides with pH-dcpcndcnt fusogenic 
and cndosomolytic activities have been described to facilitate 
lysosomal degradation before the contents of the endosomes 
arc delivered to rysosomcs and consequently increase trans- 
fection efficiency [8",26,27]. Such peptides, which mimic 
entry of viruses into cells, arc random coils with no lytic activ- 
ity at pH 7.0 but become cndosomolytic at pH 5.0 by adopting 
an amphipathic a-hclical conformation that interacts with the 
phospholipid membrane to induce fusion and/or lysis [28,29]. 
The most commonly used synthetic fusogenic peptide is 
derived from the amino-tcrminal sequence of the HA 2 subunit 
of influenza hcmaglutinin (INF; GLFEAIAGFIENGWEG- 
MIDGGGC [amino acid single letter code]) [2930]. Another 
commonly used amphipathic peptide is GALA 
(WEAALAEALAEALAEHLAEALAEALEALAA) [31]. 
INF peptides and GALA have been shown to increase the 
transection efficiency when associated with poly-L- 
lysinc-DNA, condensing pcptidc-DNA, cationic lipids, 
poly-cthylcnciminc or polyamidoaminc cascade polymers 
[30-33]. Gottschalk^^/. [13] have designed the pore-forming 
synthetic peptide JTS1 (GLFEALLELLESLWLLEA). The 
hydrophobic face of JTSl induces self-association and results 
in the formation of pores on one side of the endosomal mem- 
brane, leading to its rupture. Monsigny and co-workers [34] 
have proposed the peptide H S WYG, whose membrane activi- 
ty is based on the protonation of the imidazole ring of 
histidinc. In contrast to the peptides described above, this 
peptide adopts an a-hclical structure at pH 7.0 and pcrmcabi- 
lizcs cells as a random coil at pH 6.5 [34]. 
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Finally, it should be noted that some pcptidc-mcdiatcd 
transaction systems do not proceed through the endoso- 
mal pathway [35,36 ## |. These peptides penetrate into the 
cytoplasm immediately at neutral pH. 

Nuclear localization sequence 

Most of the peptide formulations containing condensing 
and lytic peptides arc able to transfect cultured dividing 
cells with a reasonable efficiency, but not quiescent cells. 
The dependency on the mitotic activity of the cells is pri- 
marily because of the inability of most non-viral gene 
delivery systems to translocate plasmids into the nucleus 
of non-dividing cells and remains a major problem. This 
parameter should therefore be taken into account in the 
design of new peptide delivery systems. The structure and 
molecular mechanisms of nuclear transport have been 
described in a scries of reviews [37,38]. The nuclear trans- 
port process is facilitated by a nuclear localisation signal 
(NLS), which arc short sequences that have been identi- 
fied as generally one (monopartitc) or two (bipartite) 
clusters of four or more bask amino acids (lysine or 
argininc) [37-391. 

The NLS from die large tumor antigen of Simian virus 40 
(PKKKRKV) is one chc most used in non-viral gene deliv- 
ery systems [35,39,40]. Peptides or proteins containing 
NLS, whether complcxcd to lipids or not, arc used to 
improve nuclear transport through electrostatic binding of 
plasmids [8"]. The non-covalcnt attachment of NLS to 
DNA is preferable as this enables complete release of DNA 
from the NLS peptide after nuclcocytoplasmic transport. In 
the case of chimeric proteins containing a DNA-bmding 
domain and an NLS, competition between these two moi- 
eties for DNA binding is prevented, and the accessibility of 
the NLS enhanced, by using neutral or anionic NLSs, or a 
longer NLS sequence with negatively charged residues 
upstream or downstream. A second approach is chccovalcnt 
attachment of signal peptides to plasmid DNA to improve 
its nuclear localization [41-43]. Finally, it should be noted 
that only one NLS attached to the end of a plasmid is the 
most efficient structural presentation, as multiple NLSs 
inhibit nuclear translocation [43]. 

Peptide-based delivery systems 

The challenge in peptidc-hased gene delivery systems is 
to define the ideal formulation that satisfies most of the 
major requirements described above. Two strategies have 
been used so far: sclf-asscmbly of several peptides or 
design of a single peptide containing DNA -condensing. 
membrane destabilizing and NLS domains (Figure 1). In 
practice, the major problem resides cither in forming a 
muiricomponcnt DNA carrier in an orderly fashion or in 
the choice of sequence organisation of the different com- 
ponents in a single chimeric peptide. 

Various plasmid formulations containing NLS, lytic and 
condensing peptides have been shown to be efficient for 
gene delivery /// vitro [4,8"]. Endosomolytic peptides have 



been successfully incorporated into condensed plasmid 
complexes by non covalcnt association with condensing 
peptides. This self-association is controlled by electrostat- 
ic interactions between a negatively charged fusogenic 
peptide and a positively charged condensing peptide. For 
example, the use of JTS1 peptide non covalently associat- 
ed with the cationic DNA-condcnsing peptide YKAK H WK 
(K8) dramatically improved transactions /;/ vitro [13]. 
Competition can occur, however, between DNA and lytic 
peptides for the condensing peptides, which decreases the 
stability of the formulation in cell culture media. In the 
case of the JTS1/K8 formulation, improvement was 
achieved by attaching two palmitoyl groups to each pep- 
tide, thus creating additional contacts between the two 
peptides, via their palmitoyl groups. Addition of a palmi- 
toyl group at the amino-tcrminus of a 12-mcr 
DNA-condcnsing peptide (SPKRSPKRSPKR) associated 
to an INF like fusogenic peptide also improves tranfection 
efficiency [44]. 

Another interesting approach is the design of a single pep- 
tide molecule carrying the different activities required for 
gene delivery. Elaboration of such chimeric peptides is not 
simple, however, as the structure, flexibility and acccssiblity 
of the different domains arc important parameters to be con- 
sidered. Peptides containing two active domains have been 
used successfully for in vitro gene delivery; mainly with a 
DNA-condcnsing and membrane destabilizing sequence. 
One single-chain cyclic peptide derived from Gramicidin S 
was shown to condense DNA and destabilize membranes 
efficiently, but was poorly efficient in gene delivery mainly 
because of the poor flexibility of the two domains [45]. 
Wyman et al. [46] described a cationic amphipathic peptide 
KALA (WEAKLAKALAKALAKHLAKALAKALKACEA). 
which condenses DNA, destabilizes membranes and facili- 
tates gene delivery in different cell lines in vitro. Similarly, 
Niidomc et al. [47] described two scries of cationic amphi- 
pathic helical oligopeptides derived from the 24 amino acid 
peptide (LARL) 6 and the Hcl-pcptidc (KLLKLLLKL- 
WLKLLKLLL), which also present a hydrophobic/ 
hydrophilic balance in the amphophilic structure. These pep- 
tides exhibit a large hydrophobic region that is essential for 
cransfection efficiency as it stabilizes the association with 
DNA and disrupts the cndosomal membrane [47,48"]. The 
amphipathic helical oligopeptides seems to be promising for 
the design of potent in vim gene delivery systems; however, 
problems of cytoxiciry and scrum sensitivity still remain to 
be overcome. 

A scries of single-chain peptides based on poly-L-Iysinc 
sequences and containing fusogenic sequences have been 
developed. Midoux and Monsigny [49] have exploited the 
protonation of histidinc residues for gene delivery by pro- 
ducing cationic poly-L-lysinc polymers partially 
substituted with histidyl residues [49]. Avramcas et al. 
[50"] have also proposed an interesting peptide concept 
bv coupling an anti-DNA antibody (VAYLSRGGVSTYYS- 
DTVKGRFTRQKYNKRA) with a 3 9 lysine residue 
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sequence, which delivers plasmids into cells in the pres- 
ence of scrum. The use of cell-penetrating anti-DNA 
antibodies should be noted as an interesting approach to 
control cell specificity for gene delivery, as the antibodies 
arc also screened for their cell specificity. Schuster ef al. 
[5r*j have described a single-chain peptide containing an 
asialoorosornuciod-poJy-Jysinc coupled with a fusogenie 
peptide derived from the G protein of vesicular stomatitis 
virus ( K FT I V F P H N QG H \V K N VP S N Y 1 1 YO P ) , which 
promotes gene delivery in liver both /// vitro and in vivo. 

Cell-specific targeting is one of the main points to he 
addressed for in vivo gene delivery-. For this purpose, a 
scries of specific ligands have been incorporated covalcnt- 
ly or non-covalcntly into a poly-L-lysinc-containing 
formulation [20-24]. However, a proper balance between 
DNA binding and targeting of the template in the formu- 
lation should be achieved when using multi-ehimcric 
proteins or peptides. Recently, the cationic polymer galae- 
tosc-poly(L-ornithine)-INF-pcpudc have been shown to 
target hepatocytes in vivo [52]. An interesting system was 
described using a recombinant fusion peptide containing a 
GaH DNA-binding domain associated with a fragment of 
the invasin protein of Yersinia pseudotuffercuiom [53], The 
G-aI4 part of the system confers both NLS and DNA-bind- 
ing activities and invasin recognises intcgrin receptors at 
the surface of the cell [53,54**]. 

Most methods developed for gene delivery involve trans- 
port of genes of interest into cells via the cndosomal 
pathway, which unfortunately leads to extensive degrada- 
tion of the genes in lysosomal compartments and/or to 
their poor release into the cytoplasm. An interesting alter- 
native is the design of pep tide-based gene delivery 
systems that bypass the cndosomal pathway or that fuse 
with the plasma membrane at neutral pH. Our group has 
developed a single-chain peptide vector, MPG 
(GALFLGFLGAAGSTMOAWSQPKSKRKV), that asso- 
ciates a fusion peptide sequence derived from the 
hydrophobic fusion peptide of HIV-1 gp41 and the 
hydrophilic NLS of Simian virus 40 large T antigen. MPG 
can efficiently deliver shore oligonucleotides and larger 
plasmids into a wide variety of cell lines independently of 
the cndosomal pathway [35.36"]. This peptide interacts 
strongly with nucleic acids through its NLS domain, and 
forms peptide-peptide interactions through the gp41 
hydrophobic domain, thus generating a peptide cage 
around the plasmid. After crossing the cell membrane, the 
piesenec of the NLS domain promotes fast delivers' of the 
plasmid into the nucleus. Structural and mechanistic 
investigations have revealed that the flexibility between 
the rwo domains of MPG is crucial for gene delivery and 
can be improved by adding a linker sequence between the 
fusion and the NLS motifs [35,36",40,55]. 

An important problem to be addressed for gene delivery in 
vivo is the risk of interacting with scrum proteins and cell 
surfaces in a non-specific manner because of the presence of 



positive charge at the surface of the pcptidc-DNA formula- 
tion. In order to limit these problems, various strategics have 
been proposed, for example, using polymer inducing stcric 
hindrances in the formulation, such as polyethylene glycol 
(PEG), dcxtran, or poly-A 7 -(2-hydroxypropyI) mcthacry- 
lamide |8",56); the stcric component helps by covering die 
surface of the peptide formulation and limiting non-specific 
ionic and hydrophobic interactions. A multivalent reactive 
polymer containing a poly -AM 2 -hydroxy propyl) mcthacry- 
lamide-tctrapcptidc (GFLG) attached to a poly-L-lysinc 
was shown to inhibit protein binding to the DNA-poly-L- 
Ivsinc formulation and to improve gene delivery in vitro 
significantly [57 J. 

Peptide combined with other delivery systems 

In order to overcome the limitations of both peptide- and 
lipid-bascd delivery systems and to enhance gene transfer 
efficiency, peptides have been successfully incorporated into 
lipid-bascd or polymer-based delivery systems. Addition of 
Jipid/polymcr to peptide delivery systems improves the sta- 
bility of the pcptidc-DNA complex and favor both DNA 
condensation and fusion with the membrane. 

Peptides can be structurally engineered to impart very spe- 
cific functions that lipid and polymer systems cannot 
provide efficiently such as cell targeting, endosome lysis 
and nuclear localization. Peptides have been used to 
improve encapsulation efficiency of plasmids prccon- 
densed with short positively charged lipids [8"]. Synthetic 
peptides (e.g. JTS1 and INF) have been used to enhance 
the transfection efficiency of polymer-based systems 
[13,26,27]. Peptides containing DNA-binding and mem- 
brane-disrupting activities have been added into 
liposomes or lipid-plasmid complexes [26,27]. Peptides 
conferring cell specificity 7 have also been used to target 
lipid-plasmid formulations. Recently, the DNA-condcns- 
ing peptide (RGD-oligo-L -lysine) has been associated with 
cationic liposomes for gene delivery in tracheal epithelial 
cells [22]. 

Conclusions 

An ideal non-viral system (or in vivo gene delivery should be 
able to form reversible small and highly stable particles with 
DNA, to specifically target cells, to enhance cellular uptake 
and cndosomal release, and to facilitate nuclear localisation 
of plasmids. fn addition to these basic requirements, several 
other important parameters, such as the level and the persis- 
tence of expression of therapeutic proteins and the toxicity 
and the stability of the formulation in vivo, should be seri- 
ously taken into account for the design of a non-viral 
gene -del ivcry system. None of the synthetic DNA delivery 
systems described so far can satisfy all of these constraints. 
Peptide- based gene delivery technology is still in its early 
days in the field of gene therapy however, and important 
progress made in the past five years in the understanding of 
the structural and mechanistic properties of peptides is pro- 
viding great potential for the rational design of more efficient 
and yer-ro-comc synthetic peptides. 
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Two strategics using peptides arc promising to reach the 
efficiency of viral gene delivery systems without their 
limitations in the future. Firstly, the development of 
multifunctional peptides or chimeric proteins that con- 
sist of several active domains; improvements should 
focus on the rapid release of DNA into the cytoplasm, 
cell targeting, selectivity and stability of the formulation 
in vivo. Secondly, the development of complex pep- 
tide-liposome or lipopeptide formulations; efforts 
should be made in optimising the structure and func- 
tionality of peptides. 
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